Regulation of an antisense RNA with the transition of neonatal to IIb myosin heavy chain during postnatal development and hypothyroidism in rat skeletal muscle. Am J Physiol Regul Integr Comp Physiol 302: R854 -R867, 2012. First published January 18, 2012 doi:10.1152/ajpregu.00591.2011.-Postnatal development of fast skeletal muscle is characterized by a transition in expression of myosin heavy chain (MHC) isoforms, from primarily neonatal MHC at birth to primarily IIb MHC in adults, in a tightly coordinated manner. These isoforms are encoded by distinct genes, which are separated by ϳ17 kb on rat chromosome 10. The neonatal-to-IIb MHC transition is inhibited by a hypothyroid state. We examined RNA products [mRNA, pre-mRNA, and natural antisense transcript (NAT)] of developmental and adult-expressed MHC genes (embryonic, neonatal, I, IIa, IIx, and IIb) at 2, 10, 20, and 40 days after birth in normal and thyroid-deficient rat neonates treated with propylthiouracil. We found that a long noncoding antisense-oriented RNA transcript, termed bII NAT, is transcribed from a site within the IIb-Neo intergenic region and across most of the IIb MHC gene. NATs have previously been shown to mediate transcriptional repression of sense-oriented counterparts. The bII NAT is transcriptionally regulated during postnatal development and in response to hypothyroidism. Evidence for a regulatory mechanism is suggested by an inverse relationship between IIb MHC and bII NAT in normal and hypothyroid-treated muscle. Neonatal MHC transcription is coordinately expressed with bII NAT. A comparative phylogenetic analysis also suggests that bII NAT-mediated regulation has been a conserved trait of placental mammals for most of the eutherian evolutionary history. The evidence in support of the regulatory model implicates long noncoding antisense RNA as a mechanism to coordinate the transition between neonatal and IIb MHC during postnatal development. long noncoding antisense RNA; thyroid hormone; gene transcription; phylogenetic; RT-PCR SIX MYOSIN HEAVY CHAIN (MHC) genes, each encoding a specific motor protein impacting contractile velocity and hence muscle performance, are expressed across the spectrum of skeletal muscle of mammals. In the rat the genes of the three fast MHC types, IIa, IIx, and IIb MHC, are clustered on chromosome 10 in a tandem alignment (IIa-IIx-IIb). These MHCs, along with the slow type I MHC, are the primary adult-specific isoforms. Also located on this genomic locus are the embryonic (Emb), situated 5= to IIa, and the neonatal (Neo), located 3= to IIb. The Emb and Neo are the predominant MHC isoforms expressed during fetal and early postnatal development (63). Postnatal development is characterized by replacement of these developmental isoforms with the adult isoforms of MHC, in a highly regulated and precisely coordinated manner, such that individual muscles attain various proportions of each MHC isoform to confer optimal function for a given usage pattern. Thyroid hormone, which is essential to normal development and differentiation of all cells, exerts a powerful influence on muscle function and MHC gene regulation during postnatal development (5).
opmental isoforms with the adult isoforms of MHC, in a highly regulated and precisely coordinated manner, such that individual muscles attain various proportions of each MHC isoform to confer optimal function for a given usage pattern. Thyroid hormone, which is essential to normal development and differentiation of all cells, exerts a powerful influence on muscle function and MHC gene regulation during postnatal development (5) .
The adult rat plantaris consists of ϳ80 -85% IIx/IIb fibers, with IIb being the dominantly expressed of the MHC isoforms (6, 17) . At birth, however, the majority of MHC is represented by the Neo isoform in the plantaris (1, 2, 10) . It was demonstrated previously that there is an inverse relationship in expression of the Neo and IIb MHCs, such that during the postnatal transition to the adult muscle phenotype, Neo MHC downregulation was coordinated with upregulation of the IIb MHC (1, 2, 10) . This transition is also characterized by the presence of a significant number of single myofiber hybrids of varying combinations of Neo, IIx MHC, and IIb MHC in 20-day-old rats, indicating a progressive nature of the transition in a single cell (10) . Furthermore, this developmental scheme is disrupted in a hypothyroid state, which delays attainment of the adult phenotype and prevents the normal Neo to IIb MHC transition (1, 2, 10, 34) . Thus there appears to be a coupling in expression between the Neo and IIb MHC isoforms during postnatal development in plantaris myofibers. However, the mechanism by which these two genes are coordinated to achieve a precise Neo to IIb transition during development has remained unknown.
The genes encoding the IIa, IIx, IIb, and Neo MHC isoforms (MYH2, MYH1, MYH4, and MYH8, respectively) are tandemly linked in a head-to-tail fashion and are separated by relatively short intergenic distance on rat chromosome 10. For example, in the rat, IIa-IIx are separated by 2.7 kb, IIx-IIb by 14 kb, and IIb-Neo by 17 kb. The genomic order, relative spacing, and the coding sequence are highly conserved across a broad evolutionary span. We have previously shown that functional significance for this gene order and intergenic spacing is apparent by the transcriptional coordination of MHC genes with long noncoding RNA transcripts that are transcribed in the antisense orientation to the IIa, IIx, and IIb MHC genes during alterations to muscle loading state (42, 47) . For example, muscle inactivity and unloading induce a coordinated IIa to IIx MHC shift in the soleus muscle whereby IIa decreases while IIx increases concurrently. Along with these shifts, an antisense transcript is also induced, the so-called aII natural antisense transcript (NAT), which is transcribed in reverse orientation across the entire length of the IIa MHC gene (42) . The aII NAT appears to repress IIa MHC gene transcription (42) . Sense-antisense pairs were also observed to regulate IIx and IIb MHC in both fast and slow skeletal muscle and in cardiac muscle in coordination of ␣-and ␤-MHC expression (18, 20, 42, 47) . These reports are accompanied by other recent reports in nonmuscle cells describing mechanisms of cis-acting long noncoding antisense RNA-mediated transcriptional repression (23, 28, 37, 58, 61, 68) . Thus a model of coordinated MHC gene switching mediated by cis-acting long noncoding antisense RNA has emerged as a mechanism to explain how precise stoichiometric relationships between MHC isoforms are maintained in response to altered environmental conditions.
Given the apparent coupling between Neo and IIb MHC previously observed during postnatal development and the previously defined role for antisense RNA in the coordination of other MHC genes, we hypothesized that a paralogous antisense IIb transcript is expressed strategically within the IIb-Neo MHC gene locus to coordinate the transition from Neo to IIb MHC gene expression during postnatal maturation of fast fiber-type skeletal muscle. We tested this hypothesis by examining sense and antisense RNA expression of the MHC genes in the rat plantaris muscle at various time points during the first 6 wk of muscle development. We also examined animals under a hypothyroid state, which arrests MHC conversion from Neo to IIb MHC, to determine whether a IIb antisense transcript would be responsive and regulated.
Herein we report that IIb MHC transcriptional regulation during muscle maturation to the adult state is consistent with our previously defined model of antisense-mediated coordination of genomically adjacent MHC genes, as is evident in the transcriptionally divergent euthyroid and hypothyroid states. Furthermore, the antisense transcript has a transcription start site in the rat IIb-Neo MHC intergenic region that is encompassed by DNA sequence that is highly conserved across most of the evolutionary history of placental mammals.
METHODS
Animal care and experimental design. Pregnant Sprague-Dawley rats were obtained from Taconic Farms (Germantown, NY). Litters were equalized to eight neonates per dam, with six female and two male neonates per litter. Only tissue from female neonates were used for subsequent analyses. Litters were organized into control (CON) and hypothyroid (propylthiouracil, PTU). Both the dam and neonates from the PTU group received daily intraperitoneal injections of PTU (12 mg/kg) until the time of euthanasia. PTU treatment began at day 2 after birth. Animals in a particular litter were euthanized using Pentosol at the following number of postnatal days: 2, 10, 20, and 40 (P2, P10, P20 P40, respectively). To obtain sufficient muscle tissue to analyze both the RNA and protein, two litters were assigned for P2, P10, and P20 groups. For P10 (CON and PTU) and P20 (PTU), muscles from two neonates were pooled for each n which resulted in n ϭ 6 for P10, P20 and P40. For P2 rats 4 -5 muscles were pooled together for analysis to yield n ϭ 4 for RNA analysis and n ϭ 2 for protein analysis. The plantaris muscle was obtained from each neonate and weighed and frozen at Ϫ80°C for later analysis. All procedures were approved by the University of California, Irvine Institutional Animal Care and Use Committee.
Thyroid hormone analysis. Plasma total thyroid hormone [triiodothyronine (T3) and L-thyroxine (T4)] concentrations were assayed using a commercially available RIA kit (MP Biomedical). Readings at P2 that were below the level of detection (T3 Ͻ5 ng/dl; and T4 Ͻ0.5 g/dl) were assigned values of zero for statistical analysis.
RNA analysis. Total RNA was extracted from frozen plantaris muscle using the Tri Reagent protocol (Molecular Research Center). Extracted RNA was DNase-treated using one unit of RQ1 RNase-free DNase (Promega) per microgram of total RNA and was incubated at 37°C for 10 min followed by a second RNA extraction using Tri Reagent LS (MRC).
Strand-specific RT-PCR used the one-step real-time reverse transcription polymerase chain reaction (RT-PCR) kit from Qiagen. These assays were utilized in the determination of the relative level of expression of pre-mRNA, antisense RNA, and mRNA in a known amount of total RNA in comparing various developmental stages in CON versus PTU states. These procedures were also utilized in the analyses of antisense RNA expression across the skeletal MHC gene locus between the IIb and Neo MHC. The manufacturer's protocol was followed with some modifications as described previously (42, 47) . This protocol has been optimized to avoid amplification of nonspecific transcripts (21, 42) . These one-step RT-PCR analyses were performed using 100 ng total RNA and 15 pmoles of specific primers in 25 l total volume and were carried out on a Robocycler (Stratagene). For the same target RNA, all samples were run under similar conditions (template amounts, PCR cycle numbers). RT reactions were performed at 50°C for 30 min followed by 15 min of heating at 95°C and followed by PCR cycling for a varied number of cycles (19 -33 cycles) . The annealing temperature was based on the PCR primers optimal annealing temperature. PCR primers used for RNA analysis were reported previously (43) except for those shown in Table 1 . The amount of RNA and the number of PCR cycles were adjusted so that the accumulated product was in the linear range of the exponential curve of the PCR amplifications. PCR products were separated by electrophoresis on agarose gels and stained with ethidium bromide. The ultraviolet light-induced fluorescence of stained DNA was captured by a digital camera, and band intensities were quantified by densitometry with ImageQuant software (GE Healthcare) on digitized images. RNA levels are reported as concentration in arbitrary units per unit RNA.
To determine the approximate 5= and 3= boundaries of the bII NAT, we performed strand-specific RT-PCR across regular overlapping intervals to amplify antisense transcript from the IIb-Neo intergenic region to within the IIb MHC gene with sufficient controls to ensure accuracy and validity, i.e., no-primer RT and nonspecific PCR primer conditions, as described previously (21) .
Pre-mRNAs are the nascent, unprocessed, transcriptional products. Pre-mRNA transcript abundance serves as a better marker of a gene's level of transcriptional activity than the mRNA because its half-life is much shorter. Assessing the transcriptional activity of other genes by measuring pre-mRNA with RT-PCR has been validated as an alternative to the nuclear run-on approach (12) .
MHC mRNA isoform distribution. The MHC mRNA isoform distribution was assessed by RT with oligo dT/random primers followed by PCR with primers targeting the embryonic, neonatal, I, IIa, IIx, and IIb MHC mRNAs, as described previously (9, 66) . In these PCR reactions, each MHC mRNA signal was corrected to an externally added control DNA fragment that was coamplified with the MHC cDNAs using the same PCR primer pair. This approach provides a means to correct for any differences in the efficiency and/or pipetting of each PCR reaction. A correction factor was used for each control fragment band on the ethidium bromide-stained gel to account for the staining intensity of the variably sized fragments (224 to 324 bp), as reported previously (9) .
SDS-PAGE MHC isoform separation. A preweighed frozen muscle piece was homogenized in 20 volume PBS using a tight-fitting glass homogenizing tube and a pestle. Total protein concentration was determined using the Bio-Rad Protein Assay and gamma globin as a standard. Total muscle homogenate proteins were diluted to 1 mg/ml in a solution consisting of 50% glycerol, 50 mM Na 4P2O7, 2.5 mM EGTA, and 1 mM ␤-mercaptoethanol; pH 8.8, and stored at Ϫ20°C. To quantify MHC protein isoform distribution we performed SDS-PAGE of 2.5 g of the stored total protein (53) . In addition to the four primary adult MHCs, this technique enabled us to separate both neonatal and embryonic MHCs. These procedures were performed as described previously (1) . Quantification of relative proportions of MHC isoforms were obtained from these gels by densitometry of bands (Image Quant Software, GE Healthcare). Values per muscle were calculated based on protein concentration and muscle weight.
5=RACE: rapid amplification of cDNA ends. These assays were conducted to identify the transcription start site (TSS) of the antisense IIb RNA (bII NAT). We adapted the method described by Invitrogen as supplied with the kit (5=RACE). The cDNA was synthesized using Superscript II at 50°C and an RT primer reverse complementary to a region of the target RNA near its 5= end based on transcript mapping via one step RT-PCR. The specific cDNA was RNase H-treated and purified using the Qiaquick PCR Purification Kit (Qiagen). The pure cDNA was tailed with dCTP using terminal transferase (New England Biolab). The tailed cDNA was amplified using a gene-specific reverse primer that was nested to the RT primer and an adapter primer (5=RACE primer, Invitrogen). Two different nested gene-specific primers were utilized for the subsequent PCR reactions (see Table 2 ) for the RT and gene-specific primer sequence information. The PCR products were cloned into pGEMT easy (Promega), and the insert of individual clones was sequenced to determine the 5= end corresponding to the end of the cDNA that is adjacent to the poly dC tail. Sequencing and data acquisition were obtained commercially (Retrogen, San Diego, CA).
Phylogenetic analysis. DNA sequence was obtained from NCBI. Sequence was masked for repetitive sequence with RepeatMasker (www.repeatmasker.org) so that repetitive sequences are ignored in evolutionary conservation analysis. Rat sequence was used as the base sequence for comparison to other species. The IIb-Neo (MYH4-MYH8) MHC intergenic DNA sequence between the IIb MHC poly-A signal and the Neo MHC TSS were utilized as the respective 5= to 3= boundaries for the rat. Nucleotide sequence encompassing these same boundaries were obtained from NCBI GenBank databases for the following species provided with their corresponding accession numbers: human (Homo sapiens; NC_000017.10), chimpanzee (Pan troglodytes; NC_006484.3), rhesus monkey (Macaca mulatta; NC_007873.1), mouse (Mus musculus; NC_000077.5), rat (Rattus norvegicus; NC_005109.2), dog (Canis familiaris; NC_006587.2), cow (Bos taurus; NC_007317.4), pig (Sus scrofa; NC_010454.2), rabbit (Oryctolagus cuniculus; NC_013687.1), horse (Equus caballus; NC_009154.2), opossum (Monodelphis domestica; NC_008802.1), and chicken (Gallus gallus; NC_006105.2). Draft assembly of the elephant (Loxodonta Africana) was provided by The Broad Institute. Local multiple DNA sequence alignments were implemented on mulan.org for the IIb-Neo intergenic region. Methods for generating alignments to identify evolutionarily conserved regions (ECR) and the display design for alignment visualization of divergent species are described by Ovcharenko et al. (40, 41) . Regions of at least 100 bases and 70% similarity was utilized for ECR parameters.
Statistical analyses. Data are reported as means Ϯ SE. Significant differences between groups were determined by one-way analyses of variance (ANOVA); when differences were detected for a given variable, a Newman-Keuls as a post hoc test was used (GraphPad Software). Relationships between two variables were assessed using linear regression and Pearson correlation analyses (GraphPad Software). Statistical significance was set at P Ͻ 0.05, or lower, as noted in the figure legends.
RESULTS

Gross effects of hypothyroid state.
The typical thyroid hormone surge was observed in CON rats during the first 20 days of postnatal life (Fig. 1 ). Daily injections of PTU successfully inhibited synthesis of T3 at all time points analyzed (Fig. 1A) . Plasma T4 levels were also markedly suppressed by PTU treatment (Fig. 1B) . During postnatal development, from 10 to 40 days after birth, both body weight and plantaris muscle weight were markedly increased in CON (Fig. 2, A and B) . As the euthyroid (CON) animal matured from P10 to P40, the body weight increased 6.5-fold, whereas the muscle weight increased 18.5-fold. With PTU treatment, both body and muscle growth were largely blunted in the hypothyroid state (Fig.  2, A and B) , demonstrating the powerful influence of thyroid hormone in normal postnatal growth. Heart weights were significantly repressed at every time point in the PTU group (Fig. 2C ), which confirms a hypothyroid state and effectiveness of the treatment. Total RNA concentration in the plantaris significantly decreased as the CON animals aged from P10 to P40 (Fig. 2C ). In the PTU-treated group, total RNA concentration decreased as the animal aged from P10 to P20 but remained constant after that at P40 (Fig. 2D ). The RNA concentration was also significantly lower in PTU compared with CON at P10 and P20. 
GSP: gene specific primer; *Note the primer sequence is in reference to the sense strand, but the primer is reverse complement to the target antisense RNA. Figure 3 shows the MHC mRNA distribution in the plantaris muscle across all groups. Each individual MHC mRNA isoform is expressed as a percentage of the total MHC mRNA. These data demonstrate the gradual replacement of developmental MHC (Emb and Neo) with the adult isoforms (IIa, IIx, and IIb) during postnatal development in CON rats. By 20 days of age, the developmental MHC mRNAs were not detected in the CON plantaris. Analysis of the PTU-treated muscle demonstrates that expression of each of the six MHC isoforms is altered by the hypothyroid state during postnatal development. By maturity, at P40, the composition of the different MHCs remains significantly altered by PTU administration compared with CON, and significant amounts of developmental MHC isoforms remains expressed. However, with the exception of the type I MHC, the PTU influence on the percentage of each MHC isoforms' mRNA content appears to have been mitigated at P40 compared with earlier time points, suggesting some normalization of MHC isoform mRNA expression independent of thyroid hormone as the animal reaches adult age. The MHC isoform composition at the level of protein expression is shown in Fig. 4 . These changes in percent protein isoform expression are similar to the percent mRNA shown in Fig. 3 , with differences between the mRNA and protein during the analysis reflecting the different half-lives of the two gene products and the kinetics for the accumulation of transcriptional products (mRNA) versus translated products (protein). Each MHC mRNA isoform was also analyzed independently of the other isoforms, and these are expressed as arbitrary units (AU)/unit of total RNA (Fig. 5) , and the corresponding levels of premRNA are shown in Fig. 6 . Levels of ␤-actin pre-mRNA and mRNA are provided for comparison (Figs. 5G and 6G, respectively). In general, there is broad correspondence in relative levels of pre-mRNA and mRNA for each age and treatment (compare Figs. 5 and 6 ). There are also similar alterations in these absolute transcript levels compared with MHCs expressed as a percentage of total MHC (compare with Fig. 3 ), though differences are apparent at P40 for IIx (Fig. 3C vs. Fig.  5C ) and IIb MHC (Fig. 3D vs. Fig. 5D ) (see DISCUSSION for interpretation).
Effects of hypothyroid on MHC expression.
The relationship of Neo MHC and IIb MHC is illustrated by correlation analysis, and this was analyzed at the protein, mRNA, and pre-mRNA levels (Fig. 7) . At the protein level the inverse relationship is especially striking, where Pearson coefficient r ϭ Ϫ0.97 (P Ͻ 0.0001; Fig. 7A ), with the input data represented by the proportion of each MHC as a percentage of the total MHC pool. When MHCs are similarly analyzed by the proportion of MHC mRNA, the correlation between Neo and IIb MHC is Ϫ0.89 (P Ͻ 0.0001; Fig. 7B ). Analysis of absolute transcript abundance is difficult to interpret, so Neo and IIb primary transcripts were normalized to ␤-actin levels. Normalizing the data to ␤-actin, Neo, and IIb pre-mRNA are similarly inversely correlated (r ϭ Ϫ0.70, P Ͻ 0.0001, Fig. 7C ; using nonnormalized data, r ϭ Ϫ0.41, P ϭ 0.01). These data suggest a strong coordinated regulatory mechanism that tightly links the expression of IIb to the repression of the Neo, and this coordination is significant at the transcriptional (pre-mRNA) as well as posttranscriptional (mRNA) and translational (protein) levels.
Antisense RNA of IIb MHC gene: bII NAT. Long noncoding antisense RNA, also referred to as natural antisense transcripts (NAT), have been previously shown to act in an inhibitory manner to overlapping genes (23, 28, 37, 58, 61, 68) . To determine whether long noncoding antisense RNA could be involved in the Neo to IIb MHC coordinated shift during postnatal development, we first performed analysis of the antisense strand-specific RNA transcripts in the coding region of the IIb MHC gene at the 3= end of the IIb gene (at ϳ20 kb from its TSS). Antisense IIb (bII NAT) expression in the plantaris of CON and PTU rats in postnatal development is shown in Fig. 8A . bII NAT RNA expression was observed at P2 and P10 in the plantaris of both CON and PTU groups. In CON, bII NAT significantly decreased at P20 compared with P10. This downregulation in bII NAT expression was not observed in the PTU-treated group (Fig. 8A) . Thus, at P20, bII NAT was significantly elevated in PTU compared with CON. The level of bII NAT was downregulated at P40 in the PTU group so that at P40, there is no differential expression between CON and PTU. There was no difference in bII NAT levels between CON and PTU at either P10 or P40. In CON plantaris muscle the levels of bII NAT after birth (P2) and at P10 are significantly elevated relative to P20 and P40.
The relationships between IIb pre-mRNA and bII NAT and between Neo MHC pre-mRNA and bII-NAT were evaluated using correlation analyses and linear regression (Fig. 8, B and  C) . A significant negative correlation between IIb pre-mRNA and bII NAT was observed (r ϭ Ϫ0.85, P Ͻ 0.0005) at P20. In contrast, a significant positive correlation was found be- tween Neo MHC pre-mRNA and bII NAT (r ϭ 0.79, P Ͻ 0.0001) with all groups.
We next sought to determine the transcription start site (TSS) of the bII NAT. Strand-specific RT-PCR across regular overlapping intervals showed that the bII NAT was detected at intergenic regions ϳ5 kb from the IIb poly(A) signal at the 3= end of the IIb gene, but the NAT was not detectable in regions further downstream from this site with the primer sets utilized (locations of detectable transcription is diagramed in Fig. 9 ). With the location of TSS of the bII NAT narrowed, we mapped the precise start site with 5=RACE procedures. Primer extension and cloning of the 5= ends of this transcript indicated several TSSs clustered between 5148 and 5207 bp from the 3= end of the IIb MHC gene, with two major sites located at 5155 and 5176 bp (Sequence shown in Fig. 9) .
Phylogenetic analysis. Noncoding intergenic sequences that contain an ECR are typically indicative of the presence of regulatory elements with essential functions. To determine whether potential regulatory elements of the bII NAT are evolutionarily conserved, local multiple DNA sequence alignments were performed. The ϳ17-kb IIb-Neo intergenic region of the rat was compared with a diverse array of eutherian (placental mammal) species representing broad evolutionary time scales: primates (human, chimpanzee, and Rhesus macaque), artiodactyls (cow and pig), perissodactyl (horse), carnivore (dog), lagomorph (rabbit), another rodent (mouse), and a proboscidean (African Elephant) as well as a representative of marsupials (short-tailed opossum) and a bird (domestic chicken).
As illustrated in Fig. 10 , there are three primary ECRs (ECR1, -2, and -3) that are common to all 11 of the placental mammals. ECR1, indicates conserved DNA sequence common to all 13 of the species examined, including the more evolutionarily distant opossum and chicken. ECR1 corresponds to the proximal promoter region of the Neo MHC gene. This is the only ECR in the IIb-Neo intergenic region that the opossum and chicken share with the placental mammals examined.
A region corresponding to ϳ5.1 to 5.7 kb downstream from the 3= end of the IIb MHC gene in the rat is highly conserved in each of the 11 placental mammals examined and designated as ECR2 (Fig. 10 ). This ECR is located immediately upstream of the bII NAT TSS. ECR2 is ϳ645 bp in size and presumed to encode regulatory elements of the bII NAT. It also encodes numerous ultra-conserved sequences that are predicted transcription factor binding sites that have been shown to regulate muscle specific genes. One of these sites is an MCAT element to which binds the TEF-1/TEAD-1 family of transcription factors, which regulate MHC genes (57, 67) . This element, 5=-CAATTCCTAA-3= on the antisense strand, is perfectly conserved in all placentals except the elephant. Also of note, the sequence, 5=-CCACCTGTTAA-3= on the antisense strand, is perfectly conserved in each of the 11 placental mammals studied. This conforms to the E box consensus sequence 5=-CANNTG-3= to which the myogenic basic helix-loop-helix (bHLH) family of transcription factors interact (36) . This family of transcription factors includes MyoD, myogenin, myf5, and MRF4 that determine the myogenic phenotype during skeletal muscle development (36) . There was also a highly conserved TATA box, 5=-TTAATTA-3= on the antisense strand in this region. The cardiac muscle-specific homeobox transcription factor nkx2.5, known to be required for early heart development and morphogenesis (25) , binds a consensus sequence 5=-CTTAATTG-3= that is perfectly conserved in eight of the eutherians examined. Also encompassing this sequence is 5=CTTAATTGTAA-3=, with the same species conservation, that may have ability to bind the MADS box of the MEF2 family of transcription factors that dimerize and bind to AT-rich sites (36) . The functional significance of these conserved sequences will have to be confirmed experimentally. ECR3 is positioned at ϩ549 to ϩ1237 relative to the IIb poly(A) signal site located at the 3= end of the IIb MHC gene (Fig. 10) . The functional significance of the sequence conservation in this region is likely a consequence of elements required for transcriptional termination of the IIb MHC. Termination elements located at similar distances downstream of the poly(A) signal have been shown to be required for efficient transcription termination of mammalian genes (11, 44, 45, 54, 62) . The 3= end of the IIb pre-mRNA was detected by RT-PCR with primers amplifying a product ending at ϩ1857. A large repetitive sequence (ϳ1.5kb) follows this site, which precludes primer design. At sites further downstream the IIb pre-mRNA was not detectable by RT-PCR, indicating that transcriptional termination of the rat IIb MHC occurs relatively close to ECR3.
Transcription termination of the bII NAT within the IIb MHC gene. To determine the length of the bII NAT and its approximate site of transcriptional termination, we also performed antisense strand-specific RT-PCR along the length of the IIb MHC gene. The bII NAT terminates in the proximity of intron 15, corresponding to ϳ8.8 kb from the IIb TSS (see schematic diagram in Fig. 9 ). The bII NAT could be detected by RT-PCR through the remaining length of the IIb MHC gene, i.e., from the intron 15 site through to the 5= end of bII NAT within the IIb-Neo MHC intergenic region (as indicated in Fig. 9 ). Thus these data indicate that the bII NAT is a long noncoding antisense RNA transcript of ϳ19 kb in length.
DISCUSSION
We reported herein that a long noncoding antisense-oriented RNA, termed bII NAT, is transcribed from within the IIb-Neo intergenic region; it is regulated during postnatal development and in response to hypothyroidism. Evidence for a regulatory mechanism is reported that suggests that mediation of the coordinated shift from Neo to IIb MHC involves bII NAT. Neo MHC expression was associated with bII NAT transcription, which may act in an inhibitory manner on transcription of the IIb MHC. From a teleological perspective, coregulation of bII NAT and Neo MHC would ensure that transcription of Neo MHC is coordinated with inhibition of IIb MHC transcription. In addition, the coregulation observed between bII NAT and Neo MHC transcription supports our previously reported model of MHC gene transcriptional coordination, which entails a functional linkage between two neighboring MHC genes mediated by cotranscription of a NAT with one MHC gene that negatively regulates the other MHC gene (19, 42, 47) . However, the relatively large distance between the TSS of the bII NAT and Neo MHC stands out compared with the previously reported MHC NATs, which are much more closely spaced to their coregulated MHC gene. Other factors, including thyroid hormone, likely contribute to the complexity of regulating the coordination between the IIb and Neo MHC expression. A balance between positive and negative regulatory influence on IIb MHC gene expression, as reported herein with T3 and bII NAT, respectively, seems to play a key role in development of the fast-fiber contractile phenotype. The evidence in support of this NAT-centered model provides a mechanism for the coordinated transition between Neo and IIb MHC during postnatal development.
Shifts in MHC expression. Dynamic alterations in MHC gene expression and composition in the plantaris muscle are acutely evident with the interventions studied. Though the percentage of IIx and IIb MHC mRNA (Fig. 3, C and D) and protein (Fig. 4 , C and D) reached a peak by P40, unexpectedly, it appears that absolute mRNA and pre-mRNA levels of the IIx (Figs. 5C and 6C) IIb (Figs. 5D and 6D ) MHCs in P40 CON muscles markedly fell relative to the P20 time point, such that CON levels are similar to PTU. This apparent decrease in transcriptional activity of the fast type II MHCs that occurred at P40 may be attributable to the animals having reached maturity and thus a steady state with regard to muscle size and therefore gene transcription. In support, the mRNA and pre-mRNA levels of the housekeeping gene ␤-actin steadily decreased from P10 to P40 (Figs. 5G and 6G) . Furthermore, when IIx and IIb MHC expression are normalized to ␤-actin, CON levels of IIx and IIb MHC mRNA and pre-mRNA are increased or unchanged from P20 to P40 (data not shown), indicating that relative to ␤-actin, the IIx and IIb MHC transcription was not curtailed at P40 to the degree suggested by Figs. 5 and 6.
Mechanism and function of antisense transcripts. Overlapping transcripts, or sense/anti-sense pairs, such as the IIb MHC/bII NAT, are prevalent across whole mammalian genomes (7, 8, 13, 14, 25a) . Analyses based on full-length mouse cDNAs provided evidence of at least 66% of protein-coding genes with antisense transcription (25a). Analysis of a ran- domly selected subset of human transcripts determined that 61% of them were transcribed on both genomic strands (8) . Long noncoding antisense RNAs, such as the bII NAT described in this report, have been shown to be key regulatory molecules in many types of cells (35, 60, 64) . Many of these RNAs have been shown to negatively affect expression of overlapping or nearby genes (reviewed in Refs. 30, 38, 39, 60, and 64) . Though prevalent and shown to be associated with regulatory roles, the underlying regulatory mechanisms and functions of most of the long noncoding RNAs previously identified are poorly characterized. Regulatory mechanisms that have recently emerged for nonimprinted genes indicate that long noncoding antisense RNAs negatively regulate gene transcription by targeting epigenetic modifications to the overlapping gene and/or its promoter region (23, 28, 37, 58, 61, 68) . The function of the bII NAT is delineated in the present report. Further research will be required to determine the underlying regulatory mechanism by which bII NAT exerts its influence.
Regulatory role of bII NAT. In hypothyroid rats bII NAT levels were elevated at all time points up to P20, before falling at P40 ( Fig. 8A) . From P2 to P20, IIb MHC levels remained undetectable, at the pre-mRNA, mRNA, and protein levels in hypothyroid rats. Thus, provided what is known about regulatory relationships of sense/anti-sense pairs, these data suggest that the sense/ antisense pairs IIb MHC and bII NAT function in such a way that bII NAT could inhibit transcription of IIb MHC. In normal euthyroid muscle bII NAT levels were elevated at P2 and P10 before falling at P20 and P40 (Fig. 8A) . Since bII NAT is presumed to be inhibitory of IIb MHC expression, it was somewhat surprising that the bII NAT remains at high levels of transcription at P10, while IIb MHC pre-mRNA levels are also high in the CON muscle. This indicates that the bII NAT has little regulatory influence at this particular stage of development in the euthyroid state and that other factors can override any negative regulatory influence of bII NAT. We speculate that IIb MHC expression is elevated at P10 despite bII NAT expression due to a strong transcriptional influence on IIb MHC by T3. The T3 surge that occurs during the first 20 days (see Fig. 1 ) activates thyroid response elements on the IIb promoter to engage transcriptional activity and thus may override any negative influence of the bII NAT. The strength of this T3 influence on IIb MHC activation is demonstrated when a slow muscle is impacted by hindlimb suspension, which creates a transcriptionally permissive environment for IIb MHC expression and results in a sevenfold increase in IIb MHC mRNA in the soleus (22) . If rats were induced to be hyperthyroid, by administration of T3, in addition to hindlimb suspension, then IIb mRNA levels are increased 21-fold above normal conditions, demonstrating the powerful synergistic effect of T3 with unloading (22) . In contrast, postnatal development during a hypothyroid state attenuates the T3-induced transactivation of the IIb MHC gene. Thus, while elevated transcription levels of bII NAT during the first 20 days of life in PTU-treated rats may directly repress IIb MHC transcription, in CON rats surging T3 levels will transactivate the IIb MHC gene, leading to increased accumulation of IIb mRNA, despite the presence of elevated bII NAT levels, at 10 days of age.
Conversely, a posttranscriptional, rather than transcriptional, type of regulatory mechanism could provide a rationale for concurrently elevated levels of bII NAT and IIb MHC mRNA at P10 in CON muscle. For example, bII NAT could inhibit translation via sense-antisense pairing or through formation of secondary structures generated by interactions between the sense and antisense RNAs (52) , though this is not well supported mechanistically. Alternatively, the possibility of the bII NAT encoding an unknown micro-RNA that regulates posttranscriptional processes should also be considered. However, the regulatory mechanism of the majority of previously described long antisense noncoding RNAs are consistent with transcription-level regulation of its sense counterpart via epigenetic mechanisms (e.g., see Refs. 27 and 60).
One question raised by these experiments is whether bII NAT plays a role in inhibiting expression of IIb MHC, and potentially the other adult MHCs in the same genomic locus, during embryonic development. In the fetal stage, Neo, along with Emb MHC, are the primary MHCs expressed in developing fetal limb muscle, whereas IIb MHC remains essentially repressed (32, 63) . T3 is not synthesized or circulated in prenatal embryos. During embryonic development and in the first ϳ5 days of life rats are effectively hypothyroid. Thus a potent transactivator of IIb MHC is absent. A bII NAT inhibitory role during prenatal development is suggested by the data at P2, when bII NAT is elevated, relative to levels at P20 and P40 in the CON group, and P2 transcriptional activity of IIb MHC is undetectable (see Fig. 6D ).
With data indicating that long noncoding antisense RNA is a regulator of IIb MHC gene expression under certain conditions during development, the question arises regarding any regulatory role in the adult muscle. It appears that the bII NAT is only expressed in concurrence with the Neo MHC, which is not normally expressed in most adult skeletal muscles. However, we previously reported on the presence of the bII NAT and its regulation in response to motoneuron silencing in adult soleus and vastus intermedius muscle (42) . Under these conditions there was also a small increase in expression of Neo MHC mRNA in the slow fiber type. Under normal control conditions bII NAT is not expressed, and the IIb MHC gene remains essentially repressed in a slow muscle such as the rat soleus (42) , indicating that additional regulatory mechanisms exist to inhibit IIb MHC gene transcription.
Our previous analyses of the MHC NATs, which appear to regulate IIx, IIa, and type I (␤) MHC were found to have TSSs within 1,000 bp of the IIb, IIx, and ␣-MHC TSSs, respectively (19, 42, 47) . The sense and antisense transcripts are suggested to be regulated by bidirectional promoters, such that the MHC gene promoter and antisense promoter are coregulated. In the case of the bII NAT, it is ϳ11.8 kb from the Neo MHC TSS in the rat, which is generally considered to be outside of the range of cooperative regulation via bidirectional promoters. However, the bII NAT and Neo pre-mRNA levels were strongly positively correlated (r ϭ 0.79 across all groups), suggesting these sense/antisense genes are coregulated functionally to maintain the embryonic/early developmental state in which Neo MHC is expressed while IIb MHC is repressed. Therefore, is seems likely that despite the relatively large distance between the bII NAT and Neo TSSs, they may be coregulated in an analogous manner to a bidirectional promoter, such as through intrachromosomal interaction (48) .
Evolutionary conservation of bII NAT start site. Local multiple DNA sequence alignments revealed that there are three ECRs in the rat IIb-Neo intergenic region common to the 11 placental mammals examined, but only one (ECR2) is uniquely situated far from the typically conserved regulatory regions of the IIb or Neo MHC genes (see Fig. 10 ). This unique site is likely the conserved promoter region of bII NAT; it contains the rat bII NAT TSS. The described regulation of the bII NAT during rat development and in altered thyroid hormone states, together with an evolutionarily conserved region at the TSS, provides convincing evidence of an important regulatory function.
A small marsupial, the short-tailed opossum, did not have any conserved sequence in the IIb-Neo intergenic region, except for the proximal promoter region of the Neo MHC gene. Marsupials diverged from placental mammals ϳ180 million years ago, suggesting that the antisense-mediated regulation of IIb MHC must have evolved after this divergence (65) . Comparing the IIb-Neo intergenic region in 12 diverse eutherians confirms that the origin of the bII NAT promoter region dates back to at least 105 million years ago when the proboscidean (e.g., elephant) ancestors diverged from other placentals (29, 51) . Our comparative analysis also suggests that bII NAT-mediated regulation has been a conserved trait of placental mammals for most of the eutherian evolutionary history. Confirmation of the presence of bII NAT in adult human skeletal muscle has been achieved in recent experiments in our laboratory, providing further evidence that the evolutionary conservation of the rat bII NAT promoter region is of functional consequence (Pandorf CE, Haddad F, Baldwin KM; unpublished data).
Regulation of IIb MHC in large vs. small mammals. A. V. Hill (24) originally observed that maximum speed of locomotion is largely independent of body size in different mammalian species. Hill hypothesized, and others have since largely con- firmed, that differences in maximum shortening velocity (V 0 ) of skeletal muscle is primarily responsible for this relationship. Thus limb muscles of small mammals such as rodents have a greater V 0, which provides for greater relative stride frequency, than larger mammals. The primary means to achieve greater shortening velocities in muscle is with a bias toward the IIx and IIb MHC isoforms in a myofiber. The IIb MHC has the fastest ATPase activity of all MHC isoforms (4). The scaling of body size to muscle speed of contraction is illustrated by the fact that IIb MHC is abundantly expressed in small mammals such as rats, mouses, guinea pigs, and rabbits (15, 59) , whereas it is not expressed at all in skeletal muscles of most large mammals, such as humans, baboons, horses, cows, goats, dogs, and cats (3, 26, 31, 33, 49, 50, 55) .
The question remains as to the molecular mechanism that inhibits expression of the IIb MHC gene in large mammals. It is therefore curious that the rat promoter region of bII NAT, a potential negative regulator of IIb gene transcription, remains evolutionarily conserved in a broad range of placental mammals.
In contrast, the rat promoter region of bII NAT was not conserved in the opossum IIb-Neo IG region. Zhong et. al. (69) determined that the IIb MHC is highly expressed in seven different marsupial species, including the opossum and some large kangaroo species. The question arises then as to whether there is a mechanistic linkage between the absence of the conserved bII NAT promoter (and therefore absence of the bII NAT inhibitory transcript) and the presence of the IIb MHC in large mammals such as the kangaroo and opossum. In contrast to all other previously examined large body-size eutherians, the domesticated pig and llama, both of the Artiodactyla order, expresses the IIb MHC in apparently abundant proportions in certain skeletal muscles (16, 56) . Future research will be required to determine whether the bII NAT plays a role in inhibiting expression of IIb MHC in certain mammals, such as humans, and if a lack of bII NAT expression plays a mechanistic role in permitting IIb MHC transcription in other mammalian species.
In conclusion, we report that transcription of long noncoding antisense RNA, termed bII NAT, is positively correlated with Fig. 10 . Three regions are evolutionarily conserved in the rat IIb-Neo MHC intergenic region. The evolutionary conserved regions (ECR) correspond to the Neo MHC transcription start site (ECR1), the bII NAT promoter region (ECR2), and the IIb MHC transcription termination site (ECR3). For each pairwise alignment visualization the rat reference sequence is linear along the horizontal axis and the percent identity is plotted along the vertical axis. Input criteria utilized for identifying and displaying evolutionarily conserved regions is as follows, ECR length of least 100 bp and ECR similarity of at least 70%. Pairwise alignment of rat sequence to particular species are as labeled on the right side of each visualization. The IIb-Neo intergenic region is diagramed above the alignment display, with the three ECRs indicated at the corresponding locations of conservation. The amplitude of graphed peaks indicates the percent identity for each animal vs. rat. The top of each graph indicates 100% identity, whereas the bottom cut-off of each graph is 50% identity. Intensity of greyscale shading of graphed peaks indicates interspecies conservation, where the most common conserved regions among different species are shown with the darkest shading.
Neo MHC expression during postnatal development in normal and hypothyroid states and is negatively correlated with IIb MHC expression during postnatal development, particularly under hypothyroid conditions that reduces the normally strong transactivating potential of thyroid hormone at the IIb MHC promoter. Thus, based on this evidence, and the previously reported evidence of a regulatory role for other NATs to the IIa and IIx MHCs in skeletal muscle and ␤-MHC in cardiac muscle, and the mechanistic evidence of the regulatory roles of other long noncoding antisense RNAs, we conclude that the bII NAT is likely a negative regulator of IIb MHC transcription.
Perspectives and Significance
Long noncoding antisense RNAs transcribed in reverse orientation to individual MHC genes appear to have functional importance and likely play a role in coordinating shifts in MHC during a variety of adaptive processes, including those enunciated herein. The bII NAT is transcribed from a region in the IIb-Neo intergenic region that is highly conserved across most of the evolutionary history of eutherians. The data presented suggest that coregulation of Neo MHC and bII NAT ensures that under conditions where Neo MHC is highly expressed, such as during early developmental states, particularly under hypothyroid conditions, the IIb MHC gene receives direct negative feedback from the neighboring Neo MHC gene, via the bII NAT, so that a reciprocal relationship is maintained between the developmental and adult MHC isoforms. Further research is needed to develop insight into mechanisms utilized by the MHC antisense transcripts and should include epigenetic approaches. Future research should also investigate whether bII NAT plays a role in limiting the expression of IIb MHC in certain mammals, which has implications for understanding how variations in the speed of muscle contraction of small compared with large mammals, including humans, is controlled.
